The band structure of a prototypical dilute magnetic semiconductor (DMS), Ga 1ÿx Mn x As, is studied across the phase diagram via infrared and optical spectroscopy. We prove that the Fermi energy (E F ) resides in a Mn-induced impurity band (IB). Specifically the changes in the frequency dependent optical conductivity [ 1 !] with carrier density are only consistent with E F lying in an IB. Furthermore, the large effective mass (m ) of the carriers inferred from our analysis of 1 ! supports this conclusion. Our findings demonstrate that the metal to insulator transition in this DMS is qualitatively different from other III-V semiconductors doped with nonmagnetic impurities. We also provide insights into the anomalous transport properties of Ga 1ÿx Mn x As.
The dilute magnetic semiconductor Ga 1ÿx Mn x As presents a unique opportunity to study carrier mediated magnetism in a well controlled environment. It is generally accepted that the ferromagnetic interaction between the local moments provided by the substitutional Mn (Mn Ga ) is mediated by the holes also donated by the Mn Ga , and that for x < 0:04 these carriers reside in a Mn-induced impurity band (IB) [1] . However, the nature of the states at higher carrier densities (p), relevant for high ferromagnetic transition temperatures (T C ), remains controversial. It is often assumed that Ga 1ÿx Mn x As falls within the Mott picture of the metal to insulator transition (MIT), wherein the IB eventually dissolves into the GaAs valence band (VB). Theoretical studies based on this approach have successfully described some of the properties of Ga 1ÿx Mn x As [2, 3] . Others have suggested that the persistence of the Mn-induced IB at all carrier densities is critical to describing the physics of Ga 1ÿx Mn x As [4 -7] . Previous studies have supported the notion that the IB exists in the metallic state at low p [8] [9] [10] [11] [12] . Nonetheless, this Letter is the first to conclusively demonstrate the existence of the IB in samples with reduced compensation and defect concentrations revealing the highest reported values of T C for the concentrations of Mn studied. We also uncover the origin of the small mobility in Ga 1ÿx Mn x As.
Our determination that E F lies in an IB is enabled by the distinct free-carrier absorption we observe in highly conductive films, as well as careful analysis of the electromagnetic response of Ga 1ÿx Mn x As across its phase diagram. We therefore provide a clear picture of the band structure of Ga 1ÿx Mn x As through a detailed spectroscopic study of as-grown and annealed samples. Recently postgrowth annealing has enabled an increase in the T C and p [13, 14] . Annealing achieves this enhancement by removing Mn interstitials (Mn i ) acting as double donors and therefore compensating the holes [15, 16] . Consistent with the notion of a boost in p, after annealing the samples we find a large increase in the dissipative part of the optical conductivity [ 1 !] for all ! below the band gap of the GaAs host. However, the overall shape of 1 ! in high-T C ferromagnetic films is remarkably similar to data from an earlier generation of samples [8, 10] . The sum-rule analysis of the electronic spectral weight allows us to discern the magnitude of the effective mass of the carriers (m ), which is much larger than what has been predicted theoretically [2] . Additionally m is much larger than what is observed in p-type, nonmagnetic GaAs doped to comparable levels [17] , where it is well established that E F lies in the GaAs VB. Furthermore, we find a significant redshifting of the midinfrared resonance, which is also in direct contradiction to what is observed in p-type, nonmagnetic GaAs [17] , and theoretical predications based on E F lying in the GaAs valence band [2] . However, similar qualitative behavior has been observed in n-type GaAs in the doping regime of a well-defined impurity band [18] . Thus, we establish that the carriers reside in an IB at all values of p. This conclusion is challenging to our current conception of the MIT in a dilute magnetic semiconductor, suggesting an important role for magnetism [19] that had not been previously identified in doped semiconductors.
The samples were grown at UCSB on semi-insulating GaAs (100) by low temperature molecular beam epitaxy and annealed at PSU; see ref. [13] for details. After growth the wafers were split such that optical measurements could be performed on samples from the same growth both before and after annealing. The Ga 1ÿx Mn x As layers had a nominal thickness of 40 nm to optimize the increase in T C upon annealing while still allowing for accurate optical measurements. All samples displayed a well-defined hysteresis loop and T C when measured with a SQUID magnetometer (see Table I ). Room temperature, ellipsometry between 0.62 and 6 eV (5000 ! 48 390 cm ÿ1 ), at 75 angle of incidence as well as transmission over the range 0:005 ! 1:42 eV (40 ! 11 400 cm ÿ1 ) from 292 to 7 K were carried out at UCSD. Details of the measurements and extraction of optical constants is described in Refs. [8, 9] .
We begin with an introduction to the semiclassical Drude-Lorentz model, which provides useful insights into the data. In this model one writes
where the first term describes the response of free carriers via the following parameters: ÿ D is the free-carrier scattering rate and dc is the dc conductivity; the second term describes the interband transition with ! 0 its center frequency, ÿ L its broadening, and A its amplitude. One quantifies the strength of the free-carrier response through the plasma frequency:
where e is the charge of the electron and m is the effective mass of the carriers [20] . Therefore spectral weight in the farinfrared (FIR) is attributed to the free carriers (intraband response) and is proportional to p divided by m . Examples of these shapes are shown on the right side of Fig. 1 via a fit to the 52A data using Eq. (1), wherein the distinct twocomponent character of the electromagnetic response of annealed samples is uncovered.
On the left side of Fig. 1 we present 1 !; x; 7 K for our new samples along with the spectra from our previous studies [8] . Some absorption is seen in the FIR in all samples, yet a clear Drude feature is seen only in the annealed films. In all of the films a resonance is observed in the midinfrared (MIR) that by itself is consistent with both the VB and IB pictures of the electronic structure. Indeed, if E F lied in the GaAs VB, then a MIR resonance would result from transitions from the light to heavy hole bands [2] . If, on the other hand, the holes reside in the IB, the MIR resonance results from transitions between the IB and VB [5, 8, 9] . We can discriminate between these scenarios by increasing p. In particular, the position of the MIR peak should either blueshift or redshift depending on the origin of the transition. A simple diagram of energy versus momentum (k) in Fig. 2 clarifies the rational for this assertion. Panels (a) and (b) assume the Mn-induced IB has dissolved into the VB, where E F now lies. In panel (a), at low p, an optical transition is realized between the light and heavy hole bands (LH and HH, respectively). When p increases, E F moves deeper into the valence bands [panel (b)], resulting in an optical transition that shifts to higher energies [2] . If E F lies in a Mn-induced impurity band (Mn Ga ), an optical transition between the LH, HH, and Mn Ga bands will be observed. However, the separation between the IB and the VB is determined, in part, by the Coulomb attraction of the holes to the Mn Ga . Thus as p is increased [panels (c) and (d)], the Coulomb attraction is screened and the transition moves to lower ! as the IB moves closer to the VB [5, 18] .
To investigate these scenarios, we examined the position of the MIR resonance in the conductivity data (! 0 ) using two complimentary methods. First, we looked for the maximum in 1 !; x by setting
0. In addition, we have fit the data presented in Fig. 1 
PRL 97, 087208 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending 25 AUGUST 2006
087208-2 resonant energy in the second term of Eq. (1) [21] . The resulting center frequency of the interband transition is shown via the arrows in Fig. 1 and is plotted in Fig. 3 as a function of the effective optical spectral weight, which is a measure of p:
with ! c 6450 cm ÿ1 . This cutoff was chosen to provide a direct connection to the theoretical calculations of the optical properties, in particular, the spectral weight of Ga 1ÿx Mn x As [2] . We have found that the increase in spectral weight from sample to sample is mostly independent of ! c ; therefore the qualitative behavior shown in Fig. 3 is not effected by the choice of cutoff. Finally, the results from setting The data in Fig. 3 demonstrate a rapid redshift of the MIR feature with an increase in p as quantified via the magnitude of N eff . Eventually ! 0 levels off at approximately 1350 cm ÿ1 . It is important to contrast these results with what has been seen in an optical study of the p-type GaAs doped to similar levels, where E F clearly lies in the GaAs VB. In the latter system the inter-VB transitions clearly blueshift with the increase of p [17] . The same qualitative trend is obtained in a recent theoretical work [2] aimed at the analysis of inter-VB absorption in Ga 1ÿx Mn x As (see right panel of Fig. 3 ). The position of the resonance plotted in this panel has been inferred from the model results for the conductivity by the
method. Therefore our observation of redshifting of ! 0 is in direct contradiction to both experimental results and theoretical modeling of the optical response due to E F situated in the VB of GaAs. Furthermore, the prediction of Ref. [2] for the magnitude of ! 0 is too high in energy to be consistent with our data.
Next we inquire into the nature of the states at E F through the examination of the plasma frequency. Since we are able to separate out the free-carrier component in the annealed films, this analysis is particularly fruitful as we can estimate the effective mass of the holes:
Previous optical studies of p-type GaAs where E F lies in the VB have demonstrated that m 0:38m e [17] . Assuming between 0% and 50% compensation of the Mn for the annealed samples, we find the effective mass to be of the order of 10m e ; however, the precise value depends on an accurate account of the degree of compensation. Furthermore, theoretical calculations suggest that if E F lies in the VB, then an optical mass (m opt / p N eff 800 meV ) should be independent of p and lie between 0:25m e ! 0:29m e [2] . Using the same assumptions for p we find 0:7m e < m opt < 1:4m e for both the 52A and 73A films. The m reported here likely reflect strong interactions in Ga 1ÿx Mn x As, yet the carriers are still too heavy for E F to lie in the GaAs VB.
Since it is well established that the disorder in Ga 1ÿx Mn x As is strong and is likely to become more significant as x is increased (due to the additional Mn i that are introduced) [15] , it is important to discuss what effects impurities may have on our results. One may be tempted to hypothesize that the redshifting results from the additional defects in the samples. However, annealing reduces the disorder and enhances the carrier density by removing Mn i . In fact, our observation of a clear Drude feature only in annealed samples (see Fig. 1 ) confirms a reduction of scattering upon annealing the films. Nonetheless, the MIR feature continues to redshift after annealing, suggesting that disorder plays little to no role in its position. This is not surprising, since our discussion of the redshifting of ! 0 with p does not rely on k conservation, only on the energy difference between the center of the IB and the top of the VB. Furthermore, disorder generally broadens the observed width of optical transitions, but does not significantly affect their position. Finally, as discussed below, the clear observation of critical points in Ga 1ÿx Mn x As [9, 23] argues against disorder significantly effecting the optical properties of these samples.
The data in Figs. 1 and 3 provide conclusive evidence that the holes in Ga 1ÿx Mn x As resides in a Mn-induced impurity band regardless of carrier density, thereby establishing the basic model of the electronic structure of this prototypical magnetic semiconductor. This conclusion has a number of interesting implications and raises some important new questions. First, unmistakable evidence for IB conduction in Ga 1ÿx Mn x As suggests that heavy masses associated with states at E F have to be taken into consideration in designing device functionalities involving spin and/or charge injection as well as magneto-optical effects. Second, the large values of m we have found provides an explanation of the rather low mobility ( e m ) of Ga 1ÿx Mn x As. Intriguingly, even the cleanest samples of Ga 1ÿx Mn x As demonstrating high values of T C reveal as low as 1-5 cm 2 =V s, which is 1 to 2 orders of magnitude smaller than in GaAs doped to similar concentrations with nonmagnetic impurities. In fact, to produce such low mobilities in III-V materials, one generally has to make the crystals amorphous. However, all films in this study reveal van Hove singularities via spectroscopic ellipsometry [9] and optical magneto circular dichroism (MCD) [23] , indicating that the carrier momentum is still a good quantum number. One can also evaluate the strength of disorder via a calculation of the product of the mean free path (l) and Fermi momentum (k F ). Assuming a single band and the same values of p used for the extraction of the effective mass, in the annealed samples we find 3 < k F l < 5. Since these values are significantly larger than 1, they indicate that the transport in these samples is coherent. Therefore the low mobility of Ga 1ÿx Mn x As cannot originate solely from low values of . Thus the low values of cannot be understood as simply arising from disorder, implying that heavy effective masses reported here are the primary cause of the small mobility in Ga 1ÿx Mn x As.
Interestingly recent optical and x-ray MCD studies [23] have suggested the exchange constant is rather large in Ga 1ÿx Mn x As, which may explain the significant enhancement of m m e that we observe. Specifically it has been shown by numerous authors that large values of the exchange will tend to localize the holes around the Mn [1, 4, 5] . Furthermore, the localization effect described above may also account for the persistence of the IB in annealed Ga 1ÿx Mn x As [4, 5] . Nonetheless, the existence of the IB presents a significant challenge to our current conception of the MIT in doped semiconductors. In particular, it is a long held belief that the IB that emerges at low doping levels is built purely from hydrogenic states of the acceptor, and therefore can never produce Bloch waves. The metallic transport in doped semiconductors is then understood via the assumption that once the Coulomb attraction between the holes and the acceptors is completely screened the IB ''dissolves'' into the main band. This then implies that the holes now occupy Bloch states, resulting in metallic behavior. Our results suggest that this picture is incomplete when doping is accomplished with magnetic impurities. Interestingly recent tight-binding calculations suggest a Mn-induced resonance in the VB, which may account for our results [6] . Specifically, while our results require the presence of an IB, they cannot exclude its overlap with the VB in the density of states. Clearly further studies are needed to clarify the interplay between the carrier dynamics, band structure, and ferromagnetism of Ga 1ÿx Mn x As.
